1. Nitrogen (N) deposition is a continuous process and likely to affect ecosystem carbon (C) and water fluxes in a nonlinear way. However, experimental evidence is still lacking because most previous studies on these impacts usually used two discrete levels of N treatment. 2. By a 12-year, 6-level N addition experiment in Inner Mongolia grassland, we found that the responses of C fluxes, including net ecosystem carbon exchange (NEE), gross ecosystem productivity (GEP), ecosystem respiration (ER), all exhibited nonlinear patterns with increasing N addition rate while that of evapotranspiration did not significantly change. As a result, the response of ecosystem water-use efficiency (EWUE) followed a similar pattern with NEE. 3. These N-induced changes in C fluxes were greatly affected by the distribution of precipitation among different stages of growing seasons and mainly driven by the alterations in biomass production rather than soil temperature and soil moisture. 4. This study highlights the importance of the nonlinearity of N addition impacts on ecosystem C fluxes, which should be incorporated into the global-C-cycling models for better predicting future C balance. Our results also have implications for the use of fertilization in restoring the degraded grasslands given that N addition can promote biomass production and ecosystem C uptake without additional water evapotranspiration but also change ecosystem composition.
Introduction
Anthropogenic reactive nitrogen (N) has substantially increased in terrestrial ecosystems over the past decades (Penuelas et al. 2013) . N deposition is a continuous process and expected to influence ecosystem carbon (C) and water fluxes in a nonlinear way (Arens, Sullivan & Welker 2008; Bai et al. 2008 ). However, most previous studies examined the impacts of N enrichment on these processes only used two discrete levels of N treatment (Shaver et al. 1998; Saarnio et al. 2003; Bubier, Moore & Bledzki 2007; Harpole, Potts & Suding 2007; Xia, Niu & Wan 2009; Niu et al. 2010; Gao et al. 2011) , and such nonlinearity of ecosystem responses to N addition has rarely been addressed.
Carbon and water balance are two basic biological processes in terrestrial ecosystems. Net ecosystem carbon exchange (NEE), gross ecosystem productivity (GEP) and ecosystem respiration (ER) are three components of ecosystem C flux (Saarnio et al. 2003; Chen et al. 2009; Xia, Niu & Wan 2009) . Previous studies have shown that N addition can greatly stimulate plant growth and consequently enhance ecosystem C sequestration (Arens, Sullivan & Welker 2008; Xia, Niu & Wan 2009; Yan et al. 2011) . However, for these C processes, there may exist a response threshold of N addition, below which these parameters do not change, because abiotic or microbial processes likely have a priority over plants to immobilize soil inorganic N (Aber et al. 1998; Davidson, Chorover & Dail 2003) . By contrast, high N input may lead to a saturation response that ecosystem processes do not increase above a certain N level, because the limiting resource under sufficient N supply scenarios may shift from N to others, such as water, phosphorus and light (Aber et al. 1998; Arens, Sullivan & Welker 2008) . Such threshold and saturation responses to N addition have been observed for biomass production in a temperate grassland (Bai et al. 2010) , but whether ecosystem C fluxes nonlinearly respond to N addition is still unclear.
Evapotranspiration (ET), the combination of soil evaporation and plant transpiration, is an important index for evaluating ecosystem water flux (Ponton et al. 2006; Potts et al. 2006) , especially in arid and semi-arid ecosystems that are water limited (Niu et al. 2008) . N addition may affect ET by altering the ratio of its two components. For example, Hu et al. (2008) found that the ratio of plant transpiration to soil evaporation significantly increased with leaf area index across four grassland ecosystems. Thus, N-stimulated community biomass production can enhance plant transpiration but reduce soil evaporation due to the shading effect by increased canopy cover ). Additionally, N-induced accumulation of plant litter likely decreases soil evaporation and increases ecosystem water-holding capacity (Bai et al. 2010) . Hence, ecosystem ET may be independent of N addition, because the increase in transpiration can be mitigated by the reduction in soil evaporation. However, to our knowledge, it has been rarely examined how ecosystem ET responds to multiple levels of N addition.
Ecosystem water-use efficiency (EWUE), the ratio of NEE to ET (Huxman et al. 2004; Potts et al. 2006) , is an integrated index for C and water fluxes (Beer et al. 2009 ), which has been incorporated into models for simulating ecosystem productivity (Roupsard et al. 2009 ). N addition can greatly improve the biomass-based rain-use efficiency, the ratio of biomass to rainfall (Bai et al. 2008) . However, how process-based EWUE responds to multiple levels of N addition remains poorly understood. Because the increase in NEE or the decrease in ET both can lead to an increase in EWUE, exploring their relative contributions to EWUE variation is important for understanding the impacts of N addition on the interaction between ecosystem C and water fluxes.
Furthermore, the impacts of N addition on C and water fluxes may be substantially affected by precipitation amount and pattern, especially during the growing season in arid and semi-arid regions (Xia, Niu & Wan 2009; Brueck et al. 2010; Gao et al. 2011) . In the case of sufficient amount of precipitation, N addition is likely to have stronger impacts on plant growth (Hooper & Johnson 1999 ) and a larger response of ecosystem C fluxes to N enrichment is thus expected. Also, the seasonal distribution of precipitation events can greatly influence the N impacts on ecosystem C fluxes (Suttle, Thomsen & Power 2007) . For example, a previous study showed that ecosystem NEE was lower in a wet year than that in a dry year in a temperate grassland mainly because most rainfalls in the wet year occurred outside the period of vigorous plant growth ). These results suggest that seasonal precipitation pattern rather than amount may play a more important role in determining the impacts of N addition on ecosystem C fluxes. Unfortunately, the information about how precipitation regimes alter the ecosystem responses to N addition is still lacking.
Inner Mongolia grassland is a water and N co-limited ecosystem (Bai et al. 2010) , but how the C and water processes in this system change with a range of N addition rates remains poorly understood. Here, we examined the changes in NEE, GEP, ER, ET and EWUE along a gradient of N addition in this grassland ecosystem. These process-based parameters were all measured periodically during two growing seasons; therefore, their dynamic changes can well capture the nonlinearity of ecosystem responses to N addition. Because N addition may affect C and water processes by changing biotic factors, such as biomass production, or by altering abiotic factors, such as soil moisture and soil temperature, we also measured the biomass production, soil moisture and soil temperature for each treatment. Moreover, the contrasting precipitation patterns between the two growing seasons in 2010 and 2011 provide a good opportunity to test how precipitation pattern affects N impacts on ecosystem C and water fluxes. Specifically, we addressed the following three questions: (i) How do ecosystem C fluxes, ET and EWUE change with increasing gradient of N addition? (ii) How do precipitation amount and patterns alter the responses of ecosystem C and water processes to N addition? (iii) What is the relative importance of biomass production, soil temperature and soil moisture in affecting N impacts on ecosystem C fluxes?
Materials and methods

S T U D Y S I T E
This experiment was carried out in a permanent fenced site, located in the Xilin River Basin, Inner Mongolia Autonomous Region, China (116°42 0 E, 43°38 0 N), and administered by the Inner Mongolia Grassland Ecosystem Research Station (IMGERS), the Chinese Academy of Sciences. The mean annual precipitation in this area is about 340 mm, with c. 80% rainfall occurring during the growing season from May to September. The mean annual temperature is about 0Á3°C, with the average monthly temperature ranging from À21Á6°C in January to 19Á0°C in July. The experimental site has a dark chestnut soil, with a loamy-sand texture. The mass percentages of sand (particle size range from 0Á02 to 2Á0 mm), silt (0Á002-0Á02 mm) and clay (<0Á002 mm) in soils are 78Á4%, 19Á1% and 2Á1%, respectively. The topography for this site is relatively flat with an altitude of about 1260 m.
Experimental site (120 m 9 70 m) has been fenced since 1999 and never received any fertilizer before. This area was co-dominated by Cleistogenes squarrosa (a short bunchgrass) and Stipa grandis (a tall bunchgrass) before this experiment. In 2010 and 2011, two tall bunchgrasses, Agropyron cristatum and Achnatherum sibiricum, were the dominant species in N-added plots.
E X P E R I M E N T D E S I G N
We started this N addition experiment in 2000. A gradient of sixlevel N addition (0, 1Á75, 5Á25, 10Á5, 17Á5 and 28Á0 g N m À2 year À1 ) was created. For these treatments, to ensure N is the only limiting element (Tilman 1987) , the same amount of other nutrients were also added, including P (10 ). Since Ca, K, Mg and Fe are abundant in this chestnut soil, they were not added. In addition, we have a control treatment without any fertilizer added. Totally, we have seven treatments and each with five replicates. In total, 35 plots (5 m 9 5 m) were separated by a 1-metre buffer and arranged following a randomized block design. Commercial NH 4 NO 3 was applied at the beginning of July for each year.
F I E L D M E A S U R E M E N T S
In July 2009, a square PVC frame (0Á5 m 9 0Á5 m) with a 0Á5-m distance from the plot edges was installed in each plot after a rain, which offers a flat base between the CO 2 sampling chamber and ground surface. In 2010 and 2011, ecosystem C fluxes were measured across the growing seasons with a static-chamber method (Chen et al. 2009; Xia, Niu & Wan 2009; Niu et al. 2010) . The measurements were implemented from early May to late September with an interval of c. 10 days. Each measurement was taken during 8:00 and 11:00 am of sunny days. If it rained on a scheduled sampling date, we postponed our measurements at least 3 days and selected another sunny day. Totally, 13 times of measurements were finished every year.
During the field measurement, an infrared gas analyzer (LI-840; LI-COR Inc., Lincoln, NE, USA), which was attached to a transparent chamber (0Á5 m 9 0Á5 m 9 0Á5 m), was employed to sample and measure CO 2 in situ. To ensure mixing the sampling CO 2 evenly, two small fans were installed inside the chamber. A temperature probe was also installed inside to determine the chamber air temperature. For the measurement, we firstly sealed the chamber on the base and consecutively recorded the concentrations of CO 2 and water vapour within the chamber in the interval of each second for 1Á5 min. To eliminate the disturbance effect during measurement, we only selected the recordings of the median 50 s to calculate NEE and ET (Jasoni, Smith & Arnone 2005; Chen et al. 2009 ). After the NEE measurement, we opened the chamber in order to recover the CO 2 and water vapour concentration to the ambient level. Then, we again put the chamber above the base and covered it with a shade cloth. Until the chamber CO 2 concentration showed a steady increase, we began to record the CO 2 concentration for 1Á5 min. Due to the light removal inside the chamber, the data from the middle 50 s were used to estimate ER. GEP was computed by the sum of absolute values of ER and NEE.
At the same time with each measurement, soil moisture (v/v, %) and temperature at 10-cm depth in each plot were measured by a TDR-200 probe (Spectrum Technologies Inc., Plainfield, IL, USA) and a thermometer, respectively. Above-ground biomass was measured by sampling all plants within a 1 m 9 1 m quadrat in late August, and then dried and weighed at the species level.
S T A T I S T I C A L A N A L Y S I S
To examine ecosystem nonlinear responses, we calculated the response ratios of treatment (0, 1Á75, 5Á25, 10Á5, 17Á5 and 28Á0 g N m À2 year
À1
) to control (no fertilizer added) for NEE, GEP, ER, ET and EWUE based on the mean values of the 13 measurements during each growing season. A power law or a reciprocal function was employed to analyse the relationships of their response ratios with N addition rates. One-way ANOVA was used to compare the treatment difference for NEE, GEP, ER, ET and EWUE. In addition, a logarithmic or reciprocal function was selected to describe the relationships of the changes in community biomass, soil temperature or soil moisture with N input levels.
To reveal the ecosystem response patterns with seasonality, the whole growing season was divided into three stages, early-growing season (May to June), mid-growing season (July to August) and late-growing season (September) (Niu et al. 2008) . Then, one-way ANOVA was employed to analyse the treatment difference for NEE, GEP and ER at these three stages.
Across the 35 experimental plots, a linear function was employed to fit the relationships of NEE, GEP or ER with community biomass, soil temperature or moisture in 2010 and 2011. Moreover, a stepwise multiple regression analysis was performed to estimate the relative contribution of community biomass, soil temperature and water to NEE, GEP or ER variation.
All these analyses were performed with SPSS software (SPSS 11.0 for windows; SPSS Inc., Chicago, IL, USA), except stepwise multiple regression analysis with SAS 8.0 (SAS Institute, Cary, NC, USA, 2001).
Results
R E S P O N S E S O F E C O S Y S T E M C A N D W A T E R F L U X E S A N D E W U E T O N A D D I T I O N
With increasing N addition rates, the response ratios for three C flux parameters, NEE, GEP and ER, all exhibited a nonlinear pattern (Fig. 1) . In contrast, the response ratios of ET did not change with increasing N input levels. As the integrated index of C and water fluxes, EWUE followed similar response patterns with NEE.
In 2010, both NEE and GEP exhibited a threshold response, as indicated by a significant increase when N addition rates increased from 0 to 1Á75 g N m À2 year À1 (Fig. 2) . In contrast, such threshold response in NEE and GEP was found when N addition rates increased from 5Á25 to 10Á5 g N m À2 year À1 in 2011. Furthermore, NEE and GEP showed a saturation response when N input levels were over 5Á25 g N m À2 year À1 in 2010 and over 10Á5 g N m À2 year À1 in 2011. ER also exhibited a threshold response and a saturation response but differed from NEE and GEP. ET did not significantly change with increasing N addition rates. As a result, EWUE exhibited similar threshold and saturation response patterns with NEE.
R E S P O N S E S O F C O M M U N I T Y B I O M A S S , S O I L T E M P E R A T U R E A N D S O I L M O I S T U R E T O N A D D I T I O N
Community biomass exhibited a nonlinear increase with increasing rates of N addition in 2010 and 2011 (Fig. 3) . Soil temperature consistently displayed a decreasing trend with N input levels in both years. Soil moisture increased nonlinearly with N addition in 2010, but such a pattern was not found in 2011.
S E A S O N A L C H A N G E S I N P R E C I P I T A T I O N A N D E C O S Y S T E M C F L U X E S
Total amount of precipitation during the growing season from May to September was 206 mm in 2010 and 171 mm in 2011 (Fig. S1 , Supporting Information). However, the precipitation distributions among different stages of growing season differed substantially between 2 years. In 2010, 45% of rainfall (92 mm) occurred during the early-growing season (from May to June), and only 33% of precipitation (69 mm) occurred at the mid-growing season (July to August). By contrast, in 2011, only 28% of rainfall (48 mm) occurred at the early-growing season, while 72% of precipitation (123 mm) occurred at the mid-growing season (July to August). In consistent with the seasonal precipitation patterns that most rainfalls in 2010 occurred at the early-growing stage and those in 2011 at the mid-growing stage, a significant increase in NEE, GEP and ER was found at the early-growing season in 2010 while at the mid-growing season in 2011 (Fig. 4) . Moreover, the threshold and saturation responses for NEE, GEP and ER were also observed at the early-growing season in 2010 but at the mid-growing season in 2011.
B I O T I C A N D A B I O T I C F A C T O R C O N T R O L S O V E R T H E R E S P O N S E S O F E C O S Y S T E M C F L U X E S T O N A D D I T I O N
Across 35 experimental plots, NEE, GEP and ER increased linearly with the increase in community biomass but decreased linearly with soil temperature in 2010 and 2011 (Fig. 5) . By contrast, these parameters only increased linearly with increased soil moisture in 2010.
Further stepwise multiple regression indicated that these N-induced changes in C fluxes were mainly driven by the Fig. 1 . Changes in response ratios of net ecosystem carbon exchange (NEE), gross ecosystem productivity (GEP), ecosystem respiration (ER), ecosystem evapotranspiration (ET) and ecosystem water-use efficiency (EWUE) with N addition rates in 2010 and 2011. Dots indicate means AE SE with five replications. changes in biomass production, which could explain about 12%, 44% and 34% of variations in NEE, GEP and ER, respectively, in 2010, and 41% of variations in GEP and ER in 2011 (Table 1) . Soil moisture only exhibited significant effects on NEE and GEP in 2010, while soil temperature only affected NEE and GEP significantly in 2011.
Discussion
R E S P O N S E S O F E C O S Y S T E M C F L U X E S T O N A D D I T I O N
This study clearly demonstrated that the response patterns of NEE, GEP and ER to N addition all followed a nonlinear pattern, an important feature of ecosystem C fluxes that previous studies did not reveal (Xia, Niu & Wan 2009; Niu et al. 2010; Yan et al. 2011) . Such nonlinear response to N addition has also been observed in biomass production (Bai et al. 2010 ) and in C sequestration (Fornara & Tilman 2012) . These results together indicate that nonlinearity is likely a general feature for ecosystem C processes in response to N addition. Therefore, the nonlinear responses of C fluxes to N addition should be incorporated into the global-C-cycling models given that human-induced N deposition has continuously accumulated in terrestrial ecosystems over the last 150 years (Penuelas et al. 2013) and likely increases in the future.
Moreover, our results showed that NEE, GEP and ER all behaved with a threshold response and a saturation response with increasing N addition rates. Nevertheless, NEE and GEP displayed a lower response threshold of N addition level in 2010 (0-1Á75 g m À2 year À1 ) relative to that in 2011 (5Á25-10Á5 g m À2 year
À1
). This may be due to the change in precipitation distribution between the two growing seasons. Grassland plants grow very fast at the early-growing season, and sufficient precipitation at this stage, such as in 2010, may greatly improve the efficiency of plant N uptake and use (Lu et al. 2014) ; therefore, ecosystem C uptake exhibited a very low response threshold of N addition.
Also, NEE and GEP responses saturated at relatively low levels of N addition in 2010 compared with in 2011, likely because plants received much lower rainfall during the mid-growing season in 2010 than in 2011. The lack of rainfall during the mid-growing season may constrain plant growth and even lead to their early senescence (Niu et al. 2008) , which consequently results in the saturation response at relatively low N addition rate. In contrast to NEE and GEP, ER displayed a similar response threshold of N addition levels between 1Á75 and 5Á25 g N m À2 year À1 in both years, indicating that ER responses were not greatly affected by precipitation regimes (Xia, Niu & Wan 2009 ).
R E S P O N S E S O F E C O S Y S T E M W A T E R F L U X A N D E W U E T O N A D D I T I O N
Our results indicated that ecosystem ET was independent of N addition rates, suggesting that ecosystem-level water flux in this grassland ecosystem may not be greatly affected by N addition. This is supported by some previous studies (Maurer et al. 1999; St Clair et al. 2009 ). These results suggest that water balance in this semi-arid grassland ecosystem may be mainly governed by solar radiation, wind and temperature other than soil nutrients. The unchanged ET may be a result of the balance between the increase in plant transpiration and the decrease in soil evaporation. In this study, community biomass was increased by 102% along the N addition gradient. And by a 3-year measurement of plant transpiration vs. soil evaporation at our experiment site, we found that the ratios of plant transpiration to soil evaporation increased significantly with above-ground biomass (Fig. S2a) . These together suggest that N-stimulated biomass can increase plant transpiration but decrease soil evaporation, resulting in no change in ET with N addition. In addition, we also found that the ratio of plant transpiration to soil evaporation increased significantly with GEP (reflecting plant growth) in another experiment that conducted in the same system (Fig. S2b) . Consistently, a previous study conducted in four grassland ecosystems documented that their ratios increased with leaf area index (Hu et al. 2008) , which further support our conclusion that ET is independent on N-enhanced plant productivity. There may be two potential mechanisms for the decrease in soil evaporation. First, the increase in vegetation cover following N addition can enhance shading effect and thus decrease soil temperature 2008). In this study, soil temperature was reduced by 1Á1°C with the increase in community biomass from 68 to 132 g m
À2
. Secondly, the increase in plant biomass and litter after N addition can enhance ecosystem water-holding capacity and reduce soil evaporation (Bai et al. 2010) .
As an integrated result in responses of C and water fluxes to N addition, EWUE displayed a similar response pattern with NEE, suggesting that the response of EWUE to N addition in this ecosystem is mainly determined by the changes in C processes other than water processes. Moreover, the increasing dominance of A. cristatum and A. sibiricum may also contribute to the increase in EWUE, because both species have relatively high water-use efficiency (Bai et al. 2010) . In summary, our experiment suggests that future N deposition may improve EWUE but has little effect on ET in this grassland.
K E Y F A C T O R S C O N T R O L L I N G T H E R E S P O N S E S O F E C O S Y S T E M C F L U X E S T O N A D D I T I O N
Stepwise multiple regression analysis indicated that the responses of ecosystem C fluxes to N addition were mainly driven by the changes in community biomass (Xia, Niu & Wan 2009; Yan et al. 2011) , though soil temperature and soil moisture also contributed to these responses. Three C flux parameters all linearly increased with the increase in community biomass across two growing seasons, suggesting that plant growth plays an important role in affecting the response of ecosystem C processes to N addition.
The positive impacts of soil moisture on NEE, GEP and ER suggest that the increase in soil moisture can promote C fluxes in this ecosystem. In contrast, the consistent negative impacts of soil temperature on three parameters across two growing seasons indicate that the increase in soil temperature may decrease C fluxes due to its effect on exacerbating water limitation (Niu et al. 2008) . Such opposite impacts of soil moisture vs. soil temperature are supported by the results of a manipulated temperature and precipitation experiment found that experimental warming reduced C fluxes, while increased precipitation stimulated C fluxes (Niu et al. 2008) . Moreover, we found that N addition nonlinearly decreased soil temperature and increased soil moisture, suggesting that N-induced changes in soil temperature and soil moisture can also facilitate the increases in C fluxes. This highlights the importance of N-induced interactions between soil temperature and soil moisture on ecosystem C balance in this grassland.
This study has several implications. First, our results clearly demonstrate that ecosystem C fluxes and EWUE all follow a nonlinear pattern with N addition rates, which should be incorporated into future C-cycling models. Secondly, the fact that these response patterns are greatly affected by seasonal precipitation patterns suggests that the two major limiting resources, N and water, in this semi-arid grassland ecosystem, can interactively affect ecosystem processes. Thirdly, EWUE increases with N addition rates but ET keeps unchanged, implying that N deposition may improve EWUE, but such an improvement is not necessarily at the cost of an increase of water loss. Finally, the use of N fertilization as a measure for the restoration of the extensively degraded Inner Mongolia grassland should be cautious because N addition promotes ecosystem productivity and C uptake without additional water loss but also changes the community composition, which may reduce the stability of this ecosystem (Bai et al. 2010) . 
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